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I. INTRODUCTION
The drive motor is often the most important element in many variable speed rotor applications and also a frequent source of vibration and acoustic noise.
1 Permanent magnet brushless direct current ͑BLDC͒ motors have many critical applications, including hard-disk drives, laser printers, and a variety of industrial and military uses due to fast initial response and ease of control. With the advent of rare-earth magnets with increased flux density, the magnetic forces as vibration and noise sources are becoming more important. The magnetic flux waves passing through the air gap produce radial and tangential forces mainly acting on stator teeth, and these forces excite the stator structure to vibrate. With the rotor eccentricity due to mechanical imprecision, these forces are more complicated in nature because of mechanical and magnetic coupling effects. These forces are particularly serious when the forcing frequencies match one of the structural resonant frequencies of the stator.
The investigation of magnetic forces and vibration for a BLDC motor has been addressed by a number of investigators. Reichet et al. suggested the volume integral of the force density and the surface integral of Maxwell stress tensor to determine magnetic forces.
2 Kim and Lieu modeled the magnetic field associated with the rotor eccentricity by a perturbation of the corresponding Maxwell's equations and boundary condition for permanent magnet ͑PM͒ motors.
3 For interior permanent magnet ͑IPM͒ motors, however, analysis of magnetic forces with the rotor eccentricity and magnetic saturation has yet to be found.
In this article, an IPM motor used in a compressor to protect of PMs from rotating rotor and to eliminate possibility of demagnetization due to high temperature is chosen as a prototype for the analysis. In order to consider the magnetic saturation, the analysis of magnetic field distribution with and without the rotor eccentricity is obtained by the finite element method ͑FEM͒. To validate the analysis, the back electromotive force ͑emf͒ associated with the rotor eccentricity is determined and compared with experimental results. To investigate the influence on vibration sources, the radial magnetic force is analyzed by Maxwell stress tensor and discrete Fourier transform.
II. MAGNETIC FIELD ANALYSIS
To include effects of magnetic saturation, the nonlinear FEM solution was used for magnetic field. A finite element equation of magnetic field is governed by Eq. ͑1͒:
where ͕B͖ is the air gap flux density, ͓N A ͔ is shape function,
and ͕A e ͖ is magnetic vector potential. Table I lists the detailed information for the IPM motors to be analyzed. Figure 1 shows magnetic flux line and modulus of flux density of the motor, and severe magnetic saturation can be observed especially at the iron edges adjacent to a͒ Electronic mail: shwang@hyowon.pusan.ac.kr the pole transition area. Figure 2 shows the radial flux density distribution at air gap for IPM motors with and without the rotor eccentricity. The radial distance between the stator and rotor axes is defined as the eccentricity of the rotor and is denoted by
ϭeϫg, ͑2͒
where e is the eccentricity ratio and g is the nominal air gap length. For the analysis, a full model is required to analyze the motor with the rotor eccentricity. With the rotor eccentricity, it can be seen that the radial flux density is stronger in the narrow air-gap region due to flux concentration.
To check the validity of the nonlinear FEM solution, phase back emf was determined using Eqs. ͑3͒ and ͑4͒, and compared with the measured results using the experimental setup as shown in Fig. 3 :
where is flux linkage, S 1 and S 2 are the total area of N-turns, A 1 and A 2 are the magnetic vector potentials at two points, and m is rotating speed, respectively. With the rotating speed of 2400 rpm, Fig. 4 shows the comparison without the rotor eccentricity. Noting that the phase back emf is the sum of four stator poles, the effects of eccentricity can not be observed from the phase back emf due to the cancellation effects between the narrow and wide air gap. Therefore, with the rotor eccentricity, back emf from single pole winding is also measured from the same speed and Fig. 5 shows the comparison. It can be said that the nonlinear FEM result is in good agreement with that obtained by experiments, both in amplitude and wave form, validating the analysis. 
III. MAGNETIC FORCE ANALYSIS
The radial magnetic forces which are resultants of uneven magnetic field distribution and the rotor eccentricity, are one of the major sources of vibration and acoustic noise problem. A nonuniform distributed force per unit area at the interface between two materials can be calculated using the Maxwell stress tensor. Since iron ӷ air , the magnetic force acting on iron surface can be determined by
where f r , f , B r , and B are radial force, tangential force, radial, and tangential flux density, respectively. Figure 6 shows the three-dimensional ͑3-D͒ radial magnetic force acting on stator tooth face as the rotor rotation, with and without the rotor eccentricity. The increased radial forces can be observed at tooth ends in Fig. 6 due to the effects of flux concentration. With the rotor eccentricity in Fig. 6͑b͒ , severe flux concentration is also found at the pole transition with a narrow air gap because of the rotor eccentricity and magnetic saturation. For a better schematic, Fig. 7 shows the twodimensional radial force acting on tooth center as the rotor rotates, and Fig. 8 shows the corresponding spectral analysis. With eccentricity, additional harmonics of the driving frequency are introduced due to rotating eccentricity. It can be said that populated driving frequencies are seriously harmful for the structural resonance of the IPM motor.
IV. CONCLUSION
Vibration of motors with the rotor eccentricity is a coupled phenomenon between mechanical and magnetic coupling effects. For IPM motors, this phenomenon is more serious due to magnetic saturation at the pole transitions. In this article, radial magnetic forces of IPM motors are determined using the nonlinear FEM. To validate the analysis, the back emf associated with the rotor eccentricity is calculated and confirmed with experimental results. Due to increased magnetic saturation, the rotor eccentricity introduces more populated driving frequency of magnetic forces, which is harmful for the structural resonance. Future research will include structural vibration analysis utilizing the radial magnetic forces. 
